A number of previous studies reported that gene expression, tissue specificity, gene essentiality and the number of protein -protein interactions influence the rate of protein evolution. Here we investigated the influence of effective population size (N e ) on these determinants of protein evolution. For this purpose, we compared the ratio of non-synonymous-to-synonymous diversities ( p N /p S ) estimated for protein-coding genes of Mus musculus castaneus and Mus musculus musculus: populations with high and low N e respectively. Our results revealed that the difference between p N /p S estimated for genes with high and low expression levels was significantly smaller for M. m. musculus compared to that observed for M. m. castaneus. The difference between the p N /p S of broadly expressed and tissue specific genes was much higher for M. m. castaneus compared to that of M. m. musculus. Furthermore, the difference between the p N /p S computed for essential and non-essential genes was much smaller for M. m. musculus than M. m. castaneus. A similar pattern was observed for genes involved in many protein-protein interactions versus those involved in one. These results suggest that the effects of the determinants on protein evolution were much reduced for the population with small N e due to increased genetic drift.
Introduction
Population genetic theories predict that the rate of protein evolution is determined by the product of effective population size (N e ) and selection coefficient (s) [1] . The variations in the diversity and divergence among proteins of a genome are dictated by the magnitude of selection (s) on them. The major biological factor attributed to such variations is the extent of structure and/or functional constraints present in a gene [2] . In the past decades with the availability of genome and transcriptome data, functional constraints were quantitated using a number of other features of proteins. Using microarray and expressed sequence tag (EST) data many studies showed a negative relationship between gene expression level and the rate of protein evolution [3] [4] [5] . To explain this, a number of reasons such as to maintain mRNA stability, to avoid protein misfolding and to reduce expression cost have been suggested (reviewed in [6] ). Previous studies found a high rate of protein evolution in genes expressed in one or a few tissues compared to those expressed in many tissues [4, 7] . Since broadly expressed genes are required for a number of tissues they are under higher selective constraints than those expressed in one or a few tissues. Analysis of yeast and mouse gene knock-out experimental data revealed that essential genes (homozygous deletion results in lethality) are under higher selective constraints than non-essential genes [4, 8] . Essential genes are expected to evolve slowly due to their importance for survival. Based on the structural properties, previous studies reported a negative correlation between the number of protein -protein interactions and the rate of amino acid sequence evolution [9, 10] . Proteins participating in many interactions evolve slowly not because they are more important but a high proportion of the amino acids of these proteins is directly involved in function through interacting with other proteins.
Although N e and s are the actual determinants of protein evolution, the above-mentioned studies designated the biological factors such as the level of expression, tissue specificity, essentiality and protein -protein interactions as the determinants of protein evolution as they were treated as proxies for selection coefficient (s) [3, 6, 7] . However, the influence of N e on the relationship between these determinants and protein evolution is unknown. This is important because theories predict that the efficacy of selection is weak in small populations owing to the effects of genetic drift [1, 11] . A number of studies have provided empirical evidence for this prediction and the influence of drift on the reduction of the efficacy of negative [12, 13] and positive [14, 15] selection has been well documented. A previous study showed that the effect of N e is more pronounced in highly expressed genes compared to the lowly expressed genes [16] . In the current study we investigated the other dimension: whether the effect of gene expression (and three other determinants) on protein evolution is more pronounced in species/populations with large N e compared to those with small N e . We obtained the genome-wide SNV data from two subspecies of mouse populations: Mus musculus castaneus and Mus musculus musculus with effective population sizes of 200 000-400 000 and 60 000 -120 000 respectively [17] .
Material and methods
The whole genome single nucleotide variation (SNV) data were available for eight (n ¼ 16) and 10 (n ¼ 20) individuals of M. m. musculus and M. m. castaneus respectively (http://wwwuser.gwdg.de/~evolbio/evolgen/wildmouse/). We extracted SNVs present in the autosomes of coding regions and introns and estimated the mean pairwise diversity per site ( p) at nonsynonymous, synonymous and intron sites. We obtained gene expression data from a previous large-scale microarray based study using 61 mouse tissues [18] for 6865 mouse genes. The (log-transformed) mean level of expression of genes was computed using the expression levels from 61 tissues and the tissue specificity (t) was calculated following Liao et al. [4] . Mouse gene knock-out experimental data were available for 1146 genes from a previous study [19] , which was used to identify 310 essential and 836 non-essential genes in our data. Protein -protein interaction data were obtained from the BioGRID Database (https://thebiogrid.org/) for 6697 unique mouse genes.
The diversity at synonymous ( p S ) or intron ( p I ) sites is largely determined by the mutation rate. However, the diversity at non-synonymous sites ( p N ) is determined by the product of the mutation rate and magnitude of selection. Hence, the ratio of these two measures ( p N /p S or p N /p I ) indicates the magnitude of selection. Based on the distributions of the determinants of protein evolution we computed the mean p N , p S and p I estimates for 12.5% of the genes present in the left and right tails (octiles). This way we obtained the mean estimates of the genes belonging to two extreme classes with: highest and lowest expression levels; broadest and narrowest tissue specificity; essential and non-essential genes and highest and lowest number of protein interactions. The mean diversities were used to calculate the p N /p S ratios for the extreme classes of genes as p NL /p SL and p NH /p SH . These estimates were obtained for M. m. musculus and M. m. castaneus separately. We computed the standard error of the genic means of diversities and used them to calculate the standard error for the ratios. The difference between the p N /p S estimated for genes belonging to two extreme classes (d LH ) was quantified as:
Results
The diversities at non-synonymous sites, synonymous sites and introns were estimated for each protein-coding gene of M. m. musculus and M. m. castaneus populations. Based on rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180167 the distribution of the log-transformed expression levels, we first estimated the mean diversities of the genes present in the left and right tails (octiles 12.5%) with highest and lowest expression levels respectively and computed the ratios of non-synonymous-to-synonymous diversities ( p N / p S ) and non-synonymous-to-intron diversities (p N /p I ) (table 1). Clearly, p N /p S of highly expressed genes was much smaller than those of lowly expressed genes. However, p N /p S of highly expressed genes of M. m. castaneus was 2.34 times smaller than that of lowly expressed genes. In contrast, this difference was only 1.58 times for M. m. musculus. A similar estimation based on tissue specificity revealed that the mean p N /p S of broadly expressed genes of M. m. castaneus was 1.95 times less than that of tissue specifically expressed genes, whereas this difference was only 1.31 for M. m. musculus. We then computed the mean p N /p S of essential and non-essential genes. While p N /p S of essential genes of M. m. castaneus was 1.48 times less than that obtained for non-essential genes, this difference was much smaller (1.09 times) for M. m. musculus. Finally, we estimated the mean diversities for genes in the left (low) and right (high) tails of the discrete distribution of the number of protein -protein interactions and obtained the average p N /p S . This revealed that the difference between mean p N /p S of genes with high and low protein -protein interactions of M. m. castaneus was 1.49 times. However, this difference was much smaller for M. m. musculus (1.24 times). Similar patterns were observed for the mean estimates of p N /p I (table 1). To further highlight the above findings, we estimated the normalized differences (d LH ) using equation 1 (see Material and methods), which are shown in figure 1. All comparisons clearly show that the normalized differences of M. m. musculus were much smaller than those of M. m. castaneus. Furthermore, all d LH estimates of M. m. castaneus were significant ( p , 0.01 using a permutation test-electronic supplementary material, methods) and some of the d LH of M. m. musculus were not significant. We also obtained similar results by using only the genes that did not overlap between the expression, essentiality and interaction categories (electronic supplementary material, table S1 and figure S1 ). Since most of the highly expressed genes were also broadly expressed we could not produce a mutually exclusive dataset for these two features. Furthermore, if any correlation between various determinants of protein evolution and gene expression level exists, it might have some influence on the results. rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180167
Discussion
A number of studies in the past identified many functional genomic features that potentially determine the rate of protein evolution (reviewed in [6] ). Among them four major features: level and breadth of gene expression, gene essentiality and protein -protein interactions were examined in this study [7 -9] . The findings of previous studies suggest that these determinants are the proxies for the magnitude of selection intensity (s). However, protein evolutionary rate is determined by both selection intensity (s) and effective population size (N e ). In this study, we focused on the latter and showed that effective population size indeed influences the relationship between the four determinants and protein evolutionary rates.
To examine whether the results of this study are influenced by the demographic events of the two mouse populations, we estimated Tajima's D at synonymous SNVs. Our results showed that the Tajima D estimates of M. m. castaneus (20.55) and M. m. musculus (0.28) were statistically not significant ( p . 0.1) (see electronic supplementary material, methods). This suggests that the effect of demography is unlikely to affect the findings of this study.
Although our results showed that p N /p S is higher for M. m. musculus than that of M. m. castaneus it is unclear whether this is due to the higher proportion of effectively neutral non-synonymous SNVs. To investigate this, we estimated the distribution of fitness effects of non-synonymous SNVs present in highly and lowly expressed genes (electronic supplementary material, methods). Figure 2 shows that the proportion of neutral SNVs (Nes , 1) of M. m. musculus was significantly higher than that of M. m. castaneus ( p , 0.01) and this is true for both highly and lowly expressed genes (electronic supplementary material, table S2). Furthermore, the proportions of neutral SNVs in lowly expressed genes of M. m. castaneus was 87% higher than that of highly expressed genes. However, this difference was only 55% for M. m. musculus ( p , 0.01). These findings suggest that the observed differences in p N /p S were indeed due to the difference in the fractions of effectively neutral SNVs.
In conclusion, the findings of this study suggest that the effects of various determinants such as essentiality, protein interactivity, level and breadth of gene expression on protein evolution are more pronounced in species/populations with large N e compared to those with small N e . Hence the choice of population is important for studying the effects of these determinants on protein evolution. Author's contributions. S.S. conceived the study, analysed the data and wrote the paper.
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